ABSTRACT: Achieving sufficient mechanical purchase of pedicle screws in osteoporotic or previously instrumented bone is technically and biologically challenging. Techniques using different kinds of pedicle screws or methods of cement augmentation have been used to address this challenge, but are associated with difficult revisions and complications. The purpose of this biomechanical trial was to investigate the use of biocompatible textile materials in combination with bone cement to augment pullout strength of pedicle screws while reducing the risk of cement extrusion. Pedicle screws (6/40 mm) were either augmented with standard bonecement (Palacos LV þ G) in one group (BC, n ¼ 13) or with bone-cement enforced by Vicryl mesh in another group (BCVM, n ¼ 13) in osteoporosis-like saw bone blocks. Pullout testing was subsequently performed. In a second experimental phase, similar experiments were performed using human cadaveric lumbar vertebrae (n ¼ 10). In osteoporosis-like saw bone blocks, a mean screw pullout force of 350 N (AE125) was significantly higher with the Bone cement (BC) compared to bone-cement enforced by Vicryl mesh (BCVM) technique with 240 N (AE64) (p ¼ 0.030). In human cadaveric lumbar vertebrae the mean screw pullout force was 784 AE 366 N with BC and not statistically different to BCVM with 757 AE 303 N (p ¼ 0.836). Importantly, cement extrusion was only observed in the BC group (40%) and never with the BCVM technique. In vitro textile reinforcement of bone cement for pedicle screw augmentation successfully reduced cement extrusion compared to conventionally delivered bone cement. The mechanical strength of textile delivered cement constructs was more reproducible than standard cementing. ß
Sufficient implant hold in osteoporotic, previously radiated or instrumented bone is technically and biologically difficult. This becomes increasingly clinically urgent, as epidemiological trends predict that more than half of the population in industrial countries will be older than 65 years by the year 2050. 1 Accordingly, revision surgery rates in a previously instrumented spine will increase in the future. 2 Techniques to overcome the challenges of spinal instrumentation fixation in osteoporotic bone have included different kinds of pedicle screws, insertion angles 3, 4 or methods of cement augmentation. Polymethylmethacrylate (PMMA) augmentation is considered as a gold standard for enhancing screw hold and pullout strength in osteoporotic bones. Several studies investigating cement augmentation in transpedicular, vertebroplasty, and kyphoplasty have reported inconsistent results. 2, [5] [6] [7] [8] Unfortunately all cementing techniques are associated with the potential complication of cement extrusion, with secondary effects due to nerve or cord compression, cement embolisms, and/or technical difficulties in the event of revision surgery. Cement extrusions are not rare, with reported rates falling between 5% and 39%. 9 Clinical manifestations such as neurologic injury are fortunately less common. 9 Extrusion of cement with embolization has been, however, reported in 4% of cases. [9] [10] [11] Three leakage patterns are typically encountered: Epidural through the basivertebral vein, intravascular through the segmental vein, and intradiscal or extracortical through cortical defects. 12 The main contributor to cement extrusion is the pressure needed in applying the cement to the pedicle and the vertebra. One documented technique to minimize the extrusion of bone cement is to use partly cured cement, with however, the disadvantage of less stability. 7, 13 Surgical revision of an instrumented vertebra with screw loosening, use of cementing in revision is even more challenging, as the sclerotic surface around the previously loosened screw may prevent hold at the cement-screw-bone interface.
In an effort to mitigate the potential for cement extrusion, we investigated the novel approach of preloading cement into a biomaterial mesh that is then delivered to a pre-drilled hole using an insertion tool. The intention was to minimize cement extrusion while exploiting increased cement plasticity in the initial phase of cementing. In this work we demonstrate that cement preloading into a textile mesh may offer a powerful and innovative method to minimize complications associated with cement extrusion in surgical situations where additional pedicle screw hold is needed.
MATERIALS AND METHODS
To minimize effects due to variations in bone quality, we first tested the practicality of the approach using open-cell polyurethane foams as a test material. Synthetic foam with a density of five to ten pounds per cubic foot (pcf) has been shown to have material properties equal to osteoporotic bone. [14] [15] [16] Two experimental groups were formed: In group one, the 6 mm pedicle screws were augmented according to standard practice using bone cement (BC). Here, the predrilled holes of the test block were augmented with 2cc of PMMA before inserting the 6/40 mm pedicle screws. The cement was squeezed into the hole. The amount of bone cement corresponds to volumes previously reported to achieve optimal pullout characteristics. [17] [18] [19] In group two, 2cc of bone cement was first applied to a 50 Â 50 mm Vicryl mesh (BCVM) (Ethicon Products, Johnson & Johnson, Spreitenbach, Switzerland) that was then inserted to the predrilled hole using a pointed rod before screwing in the 6/40 mm pedicle screw. The mesh is widely available, relatively inexpensive, and resistant to bacteria bio film formation. 20, 21 Axial pullout tests were performed with a universal material testing machine (Zwick 1456, Zwick GmbH, Ulm, Germany) after cyclic application of orthogonal forces (20 cycles, AE5 N) on a 10 cm lever arm. The other end of the lever was rigidly mounted on each pedicle screw to produce bending moments. Pullout testing was initiated with a preload of 5 N and a constant displacement rate of 1 mm/s. The maximum pullout force was quantified. After pullout, the location of the bone cement was visually analyzed and the corresponding void volume within the saw bone block was calculated.
In a second experimental phase, we repeated the pullout test with 10 fresh frozen human cadaveric lumbar vertebrae (Science Care, Phoenix, Arizona) after ethic committee approval. One specimen (L1-5) was from an 84-year old female, BMI 21.25 and osteoporosis. The second specimen (L1-5) was from an 83-year old female, BMI 22.14 and osteoporosis. The pedicles were predrilled with 6 mm holes. In the first vertebra the predrilled holes were augmented on the left side with 2cc of PMMA before inserting the 6/40 mm pedicle screws. On the right side 2cc of bone cement was applied to a 50 Â 50 mm Vicryl mesh and was then inserted to the predrilled hole with a pointed rod before insertion of 6/ 40 mm pedicle screws (Fig. 1) . On the following vertebrae the sides were switched regarding the cementing technique to receive five BC and BCVM augmented pedicle screws on the left and five from each technique on the right side. The initial torque for screw insertion was measured and a CT scan performed to visualize the cement location before pullout testing was done. Pullout testing was then performed and evaluated in the same manner as in the first trial phase.
Statistical Analyses
Descriptive statistics were used to report means, standard deviations and ranges of data, where appropriate. Intergroup comparison of pullout forces was done using two tailed Students t-test and Fisher's exact test assuming normally distributed, parametric data, with a p-value of <0.05 defined as statistically significant.
RESULTS
For the first trial with cellular foam the mean maximum pullout force in group one (BC; n ¼ 13) with standard bone cement augmented pedicle screws was 350 AE 125 N. The pullout force ranges reached from 126 to 596 N. In the second group (BCVM; n ¼ 13), the mean maximum force was 240 AE 64N. The pullout force range reached from 151 to 421 N. There was a statistically significant difference between the two groups with a p-value of 0.030. Figure 2 shows the mean maximum force of both groups (BC and BCVM) with upper and lower quartiles and range of the measured results. There was a wider range of performances at the BC group with twice the SD (AE125 N) compared to the BCVM group (AE64 N). The bone cement was distributed more cylindrically along the entire length of the pedicle screw in the BC group and more conically in the BCVM group with more bone cement at the proximal part than at the distal part of the screw (Fig. 3) . The saw bone block volume void after pullout was 19% greater in the BC group compared to the BCVM group. The volume reached from 3.8cc to 11.5cc in the BC group with a SD of 2.99. In the BCVM group the volume reached from 3.4cc to 6.1cc with a SD of 1.03. In the second experimental phase with human cadaveric lumbar vertebrae the mean maximum pullout force in group one (BC; n ¼ 10) was 784 AE 366 N. The pullout force ranges reached from 367 to 1,434 N. In the second group (BCVM; n ¼ 10) the mean maximum force was 757 AE 303N. The pullout force range reached from 306 to 1,156 N. There was no statistically significant difference between the two groups with a pvalue of 0.836. Figure 4 shows the mean of maximum force in both groups (BC and BCVM) with their upper and lower quartiles and range of the measured results. There was a wider range of performances within the BC group with a SD of AE366 N compared to the BCVM group (AE303 N). Four (40%) specimens with cement extrusion were found in the BC group with two extraforaminal cement extrusions and two extrusions into the spinal canal (Fig. 5) . Cement extrusion into the transverse process was not considered as a clinically relevant extrusion. In contrast, no cement extrusion was documentable in the BCVM. This difference was statistically significant (p ¼ 0.043). Mean initial torque was below detection of the measurement device (<0.01 Nm) in the BC group and 0.11 Nm in the BCVM group and was statistically significant (p ¼ 0.002). The failure mode was in each group 8 times a complete fracture of the pedicle and twice a screw pullout. The energy to failure, meaning the energy that the specimen has absorbed up to the point of specimen failure was 1,535 AE 782 Nmm in the BC group and 1,963 AE 1,075 Nmm in the BCVM group (p ¼ 0.351). The energy to failure is the area under the force-deflection curve from test start to the failure point, with higher values reflecting a more "tough versus brittle" nature of mechanical failure.
DISCUSSION
Cement augmentation with PMMA is regarded as the most reliable method to enhance pedicle screw pullout force in osteoporotic bone. 2, 5 Although modern PMMAs used in spinal surgery have a reduced exothermic polymerization reaction to minimize tissue necrosis and nerve damage, the problem of cement extrusion still persists. [9] [10] [11] 22 Modified cannulated pedicle screw to insert the cement more posteriorly demonstrated more often a cement leakage because of smaller holes with potentially much greater injection pressures. 2, 5, 23 Additionally, cementing is technically even more difficult in revision surgery with already previously instrumented pedicles and screw loosening and an enlarged sclerotic pedicle hole with a smooth surface. A reliable and safe method for cement augmentation has been lacking until now. The subject of this study was to investigating the potential of alternative and controlled delivery cement through the use of a textile mesh. In first experimental tests using an open-cell polyurethane foam the mean maximal pullout force favored the standard cement technique (BC) with a mean maximal force of 350 N compared to 240 N in the BCVM group (p ¼ 0.030). However, the BC group showed a wider range with nearly twice the SD compared to the BCVM group. Thus mechanical performance of the standard cementing approach could be considered as less reproducible. The qualitative analysis of the distribution of the PMMA around the screw showed a more cylindrical distribution around the pedicle screw in the BC group. In the BCVM group more of the bone cement tended to be localized at the proximal part of the screw. Accordingly, the calculated volume of the pulled out saw bone block was 19% greater in the BC group, underpinning the higher maximal pullout load in this group. These characteristics differed somewhat in human lumbar vertebrae. Studies have shown better fixation closer to the pedicle, as the pedicle contributes to around 60% of the pullout force and 80% of the cranio-caudal stiffness. 24 The second set of experiments in human cadaveric vertebrae was highly variable, and no conclusions regarding the mean maximal pullout load could be drawn. Still the failure mode in both groups was generally bone fracture rather than pullout, indicating that both methods yielded clinically adequate mechanical purchase. The energy to failure did tend to be higher in the BCVM group with 1,963 AE 1,075 Nmm compared to in the BC group with 1,535 AE 782 Nmm, suggesting that the BCVM combination may potentially toughen the bone cement.
In both groups (BC/BCVM) soft PMMA was used. Several studies have demonstrated increased axial pullout strength for the soft cementing technique. 7, 13 Nevertheless the risk of PMMA leakage or embolization is higher at the soft stage of cementing. 25 In the first trial the nearly doubled standard deviations observed in the BC group may be explained with the use of soft PMMA and its unpredictable distribution within the trabecular bone. In contrast the soft cement in the BCVM technique is localized to the Vicryl mesh and was therefore likely to be distributed less freely. The void volumes within the saw bone block after pullout showed a nearly three times larger SD in the BC group, emphasizing the better predictability of BCVM technique. This phenomenon was confirmed in the sets of experiments with human cadaveric vertebrae, where the corticalis of the pedicle limits the cement distribution. Further, application of PMMA enforced Vicryl mesh using dowel insertion to a preexisting hole requires less pressure with therefore reduced risk of cement leakage or embolization. Accordingly, no case of cement extrusion was seen in CT in the BCVM group.
Among the limitations of the experimental models is reliance on ex-vivo biomechanical testing in sawbones and human cadaveric lumbar vertebrae in only two specimens. Further, primary stability was only assessed by axial pullout forces to single pedicle screws and other situations with angulated forces were not been investigated. Another limitation that requires additional study is that fact that potentially adverse biological effects on bone biology induced by the Vicryl mesh are yet unknown. Despite these limitations, we believe that the technique we have newly introduced warrants attention, as its potential clinical benefit might be considerable.
CONCLUSION
The method of BCVM enforcing of pedicle screws provides more controlled cement distributions, with improved mechanical reproducibility. Our in vitro experiments indicate that sufficient mechanical strength can be achieved with substantially lower risk of cement extrusion compared to the standard cementing technique. In vivo experiments are needed to investigate the feasibility, bio-compatibility and long term outcome of this promising new approach.
